RALY is a member of the heterogeneous nuclear ribonucleoprotein family (hnRNP), a large family of RNA-binding proteins involved in many aspects of RNA metabolism. Although RALY interactome has been recently characterized, a comprehensive global analysis of RALY-associated RNAs is lacking and the biological function of RALY remains elusive. Here, we performed RIP-seq analysis to identify RALY interacting RNAs and assessed the role of RALY in gene expression. We demonstrate that RALY binds specific coding and non-coding RNAs and associates with translating mRNAs of mammalian cells. Among the identified transcripts, we focused on ANXA1 and H1FX mRNAs, encoding for Annexin A1 and for the linker variant of the histone H1X, respectively. Both proteins are differentially expressed by proliferating cells and are considered as markers for tumorigenesis. We demonstrate that cells lacking RALY expression exhibit changes in the levels of H1FX and ANXA1 mRNAs and proteins in an opposite manner. We also provide evidence for a direct binding of RALY to the U-rich elements present within the 3 UTR of both transcripts. Thus, our results identify RALY as a poly-U binding protein and as a regulator of H1FX and ANXA1 in mammalian cells.
INTRODUCTION
Transcriptional regulation and post-transcriptional control of mRNA translation, mRNA turnover and posttranslational regulation of proteins are mechanisms used by eukaryotic cells to control gene expression. Moreover, transport, subsequent subcellular localization and local translational control of mRNAs are additional mechanisms to target proteins to specific intracellular regions (1, 2) . In this context, RNA-binding proteins (RBPs) play a wide range of functions and are heterogeneous in terms of structure. The heterogeneous nuclear ribonucleoproteins (hnRNPs), for example, are a family of more than 40 RNA-binding proteins which exert several roles in RNA metabolism, such as splicing, mRNA stability, and nuclear export in many different cell types (3) (4) (5) (6) (7) . Moreover, some hnRNPs might also recruit regulatory proteins associated with DNA-related processes such as double-stranded DNA break repair (8) . HnRNPs are characterized by the presence of one or two RNA-recognition motifs (RRMs) whose sequence can vary among the members of the family (4, 9) . Moreover, sequence motifs rich in arginine and glycine are also present whose function, albeit still unclear, seems to mediate the intracellular trafficking of the hnRNPs (10) (11) (12) .
Given its high similarity in amino acid sequence with the hnRNP-C (13, 14) , a putative member of the hnRNP family is RALY (RBP associated with lethal yellow mutation), also known as HNRPCL2 and P542. RALY was originally identified as an autoantigen cross-reacting with the Epstein-Barr nuclear antigen 1 (EBNA1), a viral protein associated with Epstein-Barr virus (15) . Subsequent studies associated a deletion of the murine Raly gene with the lethal yellow mutation. This deletion of 170 kb is localized upstream the agouti allele, and it encompasses part of the coding region for Raly and the entire coding region of the eukaryotic initiation factor 2B (eIF2B), with the consequence that the agouti gene passes under control of Raly's promoter (14) . Although RALY protein was found to be a component of the exon-junction complex, its down regulation did not impair splicing. Thus, the role of RALY in this process remains unclear (16) (17) (18) . Interestingly, RALY protein was found to be upregulated in adenocarcinoma cell lines (19) . In these cells, RALY together with
MATERIALS AND METHODS

Cell cultures and transient transfections
HEK293T, HeLa, Jurkat, MiaPaca, MCF7, Panc-1 and PK9 cells were grown in DMEM supplemented with 10% FCS as previously described (27) . MCF-10A cells were cultured in DMEM/F12 Ham's Mixture supplemented with 5% Equine Serum, 20 ng/ml EGF (Sigma), 10 g/ml insulin (Sigma), 0.5 mg/ml hydrocortisone (Sigma), 100 ng/ml cholera toxin (Sigma), 100 units/ml penicillin and 100 g/ml streptomycin. HPNE cells were grown in 75% DMEM, 25% M3 Base, 5% FCS, 10 ng/ml human recombinant EGF and 750 ng/ml of Puromycin. OliNeu cells (28) were grown in SATO medium supplemented with 2% FCS.
Murine primary cultures of hippocampal neurons were prepared as previously described (29) . Cells were transfected using either the TransIT transfection reagent (Mirus, Bio LLC) or INTERFERin (Polyplus Transfection) according to the manufacturer's protocols.
Constructs
Reverse transcription PCR was performed on total RNA isolated from HeLa cells using the TRIzol reagent (Thermo Fisher Scientific). RALY cDNA was amplified with the Phusion High-Fidelity DNA polymerase (New England BioLabs) and cloned in frame with EGFP (pEGFP-N1, Clontech). To downregulate RALY, cells were transfected with ON-target plus SMART-pool (Dharmacon) using INTERFERin transfection reagent. All primers used in this study are listed in the Supplementary Table S5 .
Microarray analysis
MCF7 cells were grown on 10 cm Petri dishes. Total RNA was extracted from four biological replicates using the Agilent Total RNA Isolation Mini kit (Agilent Technologies) according to the manufacturer's protocol. RNA was quantified using the NanoDrop spectrophotometer (Thermo Fisher) and the quality assessed by Agilent 2100 Bioanalyzer. Hybridization, blocking and washing were performed according to Agilent protocol 'One-Color Microarray-Based Gene Expression Analysis (Quick Amp Labeling)'. Probes were hybridized on a chip of Agilent-039494 SurePrint G3 Human GE v2 8 × 60K Microarray. Hybridized microarray slides were then scanned with an Agilent DNA Microarray Scanner (G2505C) at 5-micron resolution with the manufacturer's software (Agilent ScanControl 8.1.3). The scanned TIFF images were analyzed numerically and the background was corrected using the Agilent Feature Extraction Software version 10.7.7.1 according to the Agilent standard protocol GE1 107 Sep09. The output of Feature Extraction was analysed with the R software environment for statistical computing (http://www.rproject.org/) and the Bioconductor library of biostatistical packages (http://www.bioconductor.org/). Low signal Agilent features, distinguished by a repeated 'undetected' flag across the majority of the arrays in every condition, were filtered out from the analysis, leaving features corresponding to 15 126 HGNC genes. Signal intensities across arrays were normalized with the quantile method. Differentially expressed genes (DEGs) were identified using linear models and moderated t-test as implemented in the Bioconductor Limma package, using a double threshold on the log 2 fold change (absolute value > 0.75) and the correspondent statistical significance (P-value < 0.05).
Preparation of cell extracts and western blot
Cells were washed with PBS and lysed in lysis buffer (0.1% Triton X-100, 150 mM KCl, 50 mM HEPES, pH 7.4 and 1 mM DTT plus proteinase inhibitor mixture (Roche), including 1 mM phenylmethylsulfonyl fluoride (PMSF)). Equal amounts of proteins were separated on 12% SDS-PAGE and blotted onto nitrocellulose (Schleicher & Schuell). Western blots were probed Nucleic Acids Research, 2017, Vol. 45, No. 11 6777 with the following antibodies: rabbit polyclonal anti-RALY (Bethyl); mouse monoclonal anti-hnRNP A1 (Novus Biologicals); mouse monoclonal anti-Annexin A1 (Santa Cruz Biotechnology); rabbit polyclonal anti-Histone H1X (Abcam); rabbit polyclonal anti-PABP (Abcam); rabbit polyclonal anti-RPL26 (Abcam); mouse monoclonal antiTubulin (Santa Cruz Biotechnology); mouse monoclonal anti-Actinin (Santa Cruz Biotechnology). Horseradish peroxidase (HRP)-conjugated goat anti-mouse and anti-rabbit antibodies (Santa Cruz Biotechnology) were used as secondary antibodies.
Polyribosome profiling and pharmacological treatments
Polyribosome analysis was performed as described in (30, 31) . Briefly, MCF7 cells were grown on 10 cm Petri dishes with DMEM. When they reached 80% of confluence, cells were incubated in medium supplemented with cycloheximide (0.01 mg/ml) for 3 min. Then cells were washed three times with cold PBS plus cycloheximide (0.01 mg/ml) and lysed with the lysis buffer (10 mM NaCl, 10 mM MgCl 2 , 10 mM Tris-HCl pH 7.5, 1% Triton X-100, 100 U/ml of RNase inhibitors from human placenta (NEB), 1 mM DTT, 0.01 mg/ml cycloheximide, 0.1% NaDeoxycholate, proteinase inhibitor mixture (Roche)). Mitochondria and nuclei free lysates were loaded onto 15-50% (w/v) density gradient of sucrose in solution A (100 mM NaCl, 10 mM MgCl 2 , 30 mM Tris-HCl pH 7.5), and ultracentrifuged at 180 000 × g for 100 min at 4
• C. For RNase treatment, the lysates were incubated with RNaseI for 20 min at room temperature then loaded on the sucrose gradient. The RNaseI units added to the lysate were calculated as follows: 3 U × A × lysate volume, where A = (260 nm Abs lysateAbs buffer) × 10. EDTA was added at the final concentration of 10 mM and incubated for 10 min. The treatment with Puromycin (0.1 mg/ml) was performed for 3 h in the dishes. The sedimentation profiles were monitored by absorbance at 254 nm using an ISCO UA-6 UV detector, and 1 ml of each fraction was collected. For Western blot analysis, proteins precipitated with TCA and acetone and the pellets were solubilized directly in Laemmli buffer pH 8.
RNA immunoprecipitation (RIP)
RIP was performed as reported by Keene et al. with some modifications (32) . In brief, 4 × 10 7 cells were lysed in lysis buffer (10 mM HEPES pH 7.4, 100 mM KCl, 5 mM MgCl 2 , 0.5% NP40, 1 mM DTT plus RNase and proteinase inhibitors) for 3 h at -80
• C and centrifuged at 10 000 × g for 20 min at 4
• C. The supernatants were incubated for 4 h at 4
• C with protein A/G magnetic beads coated either with antibody anti-RALY (3 g) or with normal rabbit IgG polyclonal antibody (Millipore). The beads were then washed three times with NT2 buffer [50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM MgCl 2, 0.05% NP-40, 0.5% urea] and RNA was isolated with TRIzol (Thermo Fisher Scientific) and processed for qRT-PCR analysis or RIP-seq analysis as described below. For UV-crosslinked RIP, 4 × 10 7 of cells grown in 15 cm-culture dishes were irradiated once with 150 mJ/cm 2 at 254 nm using an UVLink UV-crosslinker (Uvitec Cambridge).
RIP-Seq analysis
RNA from three independent RALY-IP and controls in MCF7 cells was converted to cDNA libraries according to the Illumina TruSeq RNA Sample Prep Guide (version 2). Single-end reads (1 × 100) were generated from the RALY RIP-seq libraries using three lanes of the Illumina HiSeq2000 sequencer according to the standard Illumina protocol. Reads were aligned to the human genome (GRCh38.p2) with Tophat (version 2.0.14), using the GEN-CODE 22 transcript annotation as transcriptome guide. All programs were used with default settings unless otherwise specified. Mapped reads were subsequently assembled into transcripts guided by reference annotation (GENCODE 22) with Cufflinks (version 2.2.1). Expression levels were quantified as normalized FPKM (fragments per kilobase of exon per million mapped fragments) using Cufflinks. Enriched transcripts were detected with CuffDiff with a double threshold on the log 2 fold change (>1) and the correspondent statistical significance (P-value < 0.05). Functional annotation enrichment analysis with Gene Ontology terms and KEGG pathways were performed using the clusterProfiler Bioconductor package. In order to perform motif analysis, transcript sequences were retrieved from GENCODE 22. Control sequences for motif analysis were generated by selecting non-enriched transcripts (18334 transcripts with RIP-seq log 2 fold change < -1). The significance of motif enrichments was measured applying a proportion test implemented in the prop.test function in R (P-value < 0.05).
RALY Bind-n-Seq data were downloaded from EN-CODE (https://www.encodeproject.org/experiments/ ENCSR495OAI/).
RNA pull-down
Biotinylated RNA probes were purchased by IDT. The wild-type or mutant probes (50 pmol) were captured with 35 l of streptavidin-coupled Dynabeads (Thermo Fisher) for 20 min at room temperature in RNA Capture Buffer [20 mM Tris (pH 7.5), 1 M NaCl, 1 mM EDTA]. MCF7 cells were washed with PBS and then lysed with the lysis buffer [20 mM Tris (pH 7.5), 50 mM NaCl, 2 mM MgCl 2 , 0.1% . The lysate (200 g) was incubated with biotinylated RNA probe coupled to streptavidin Dynabeads for 1 h at 4
• C under rotation. Dynabeads were then washed three times with washing solution [20 mM Tris (pH 7.5), 10 mM NaCl, 0.1% Tween-20], solubilized in Laemmli reducing buffer and boiled for Western blot analysis. For the competition experiments, 30 g of cell lysate were incubated with 30 pmol of wild-type biotinylated RNA probes together with either 300 pmol (10×) or 1200 pmol (40×) of non-biotinylated RNA probes (wild-type or mutant).
Cell cycle assay
The Cycletest Plus DNA Reagent Kit (BD Bioscience, USA) was used to distinguish the distribution of cells between cell-cycle phases four days after the transfection of si-RALY in Panc-1 cells. The protocol recommended by BD Bioscience was followed and flow cytometry (FACSCanto II, BD Bioscience) was used to run samples. The results obtained were analyzed using the ModFit software.
Quantitative real-time PCR (qRT-PCR)
Total RNA was purified using TRIzol (Thermo Fisher) according to the manufacturer's protocol. The total RNA concentration and purity of samples were assessed using Nanodrop spectrophotometer (Thermo Fisher). Next, 1 g of RNA was subjected to DNase (Thermo Fisher) treatment and retro-transcribed using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher) in 20 lreaction, according to manufacturer's instructions. Then, the quantification of transcripts in the samples was performed by real time qRT-PCR analysis using TaqMan probes and it was carry out in CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad). Briefly, the qPCR reaction (10 l) contained: 1× KAPA PROBE FAST, 1 M primers plus TaqMan probe and 2 l of cDNA template obtained in the previous step, diluted 1:4. The qPCR assay was performed with the following amplification program: 95
• C for 3 min, followed by 40 cycles of 95
• C for 10 s and 60
• C for 30 s, followed by a hold at 4 
Immunocytochemistry and fluorescence microscopy
Cells were washed in PBS and then fixed in 4% PFA for 15 min at room temperature. Immunofluorescence was carried out as previously described (27) . The following antibodies were used: rabbit polyclonal anti-RALY (Bethyl Laboratories), mouse anti-betaIII tubulin (Sigma-Aldrich), Alexa 488-coupled goat anti-rabbit IgG (ThermoFisher Scientific), and Alexa 594-coupled goat anti-mouse IgG (ThermoFisher Scientific). Microscopy analysis was performed using the Zeiss Observer Z.1 microscope implemented with the Zeiss ApoTome device. Pictures were acquired using AxioVision imaging software package (Zeiss) and assembled with Adobe Photoshop CS6.
Immunogold staining and atomic force microscopy imaging
HeLa cells treated with siRNA for RALY and siRNA CTRL, as described in the previous paragraph, were employed to obtain polysomal lysates. Polysomal purification by sucrose gradient fractionation was performed according to (31) . Briefly, after ultracentrifugation, sucrose gradients were fractionated in 1 ml volume fractions with continuously monitoring absorbance at 254 nm using an ISCO UA-6 UV detector. Aliquots (20 l) of sucrose fractions corresponding to Medium Molecular Weight polysomes were stored at -80
• C before use. For immunogold staining a primary antibody anti-RALY (1:100) was incubated with the aliquot containing polysomes for 1 h at 4
• C. Then, the sample was absorbed on mica as described in (33) . After 1 h and 30 min incubation on the mica, the samples were washed with cold AFM buffer (10 mM HEPES, 10 mM MgCl 2 , 0.1 mM cycloheximide, 3% sucrose, 100 mM NaCl (pH 7.4)) in RNase-free water to remove the excess of the primary antibody. Then the samples were covered with cold AFM buffer containing the secondary antibody conjugated to the gold beads (Abcam 41514, 1:200). After 1 h and 30 min incubation on ice, the sample was washed three times using the cold AFM solution. Finally, the sample was fixed using a mild fixing solution (1% PFA in cold AFM buffer) for 10 min. All incubations were performed at 4
• C. Before imaging, the sample was washed with cold RNase-free water, 0.1 mM cycloheximide to remove salts according to (33) . AFM images were acquired on dried samples at a temperature of 26
• C using an Asylum Research Cypher (Oxford Instruments), equipped with an environmental scanner. AC200TS cantilevers (Olympus, nominal spring constant 9 N/m) were driven in AC mode at a typical frequency of 150 kHz. AFM images were leveled line-by-line and analysed using Gwyddion (34) .
RESULTS
The human RNA-binding protein RALY consists of 306 amino acids with a predicted molecular mass of 36 kDa and shares 87.5% of identity with its murine homolog (35) . Computational analysis of RALY protein predicted an RNA-recognition motif (RRM) at the N-terminal region followed by a consensus sequence for a bipartite nuclear localization signal (NLS1), a second NLS (NLS2), and a peculiar glycine-rich region (GRR) at the C-terminal region (27) . We started to analyze the expression of RALY protein in several cell lines using a polyclonal antibody against the mammalian RALY ( Figure 1A ). The specificity of the antibody was verified by performing a competition assay (Supplementary Figure S1A ).
Compared to HEK293T cells, RALY was highly expressed by Jurkat, MCF7, and by the pancreatic carcinomaderived cell line MiaPaca2 ( Figure 1B ). RALY was also expressed by the immortalized breast epithelial cell line MCF-10A and by Panc-1, a non-endocrine pancreatic cancer cell line. In contrast, low expression of RALY was observed in HPNE and PK9 cells, derived from the human pancreatic duct and from the pancreatic carcinoma, respectively (Figure 1A and B) .
Immunostaining in both MCF7 and HeLa cells showed that RALY mainly localized in the nucleus with the exclusion of the nucleoli and also in the cytoplasm ( Figure 1C ) (27) . In addition, we analyzed RALY expression in polarized cells such as Oli-Neu cells (36) and neurons. In these cells, RALY was detected as discrete granules in the cytoplasm as well as in distal processes ( Figure 1D ).
RALY associates with polysomes
The cytoplasmic localization of RALY prompted us to investigate its possible association to the translational machinery by studying the co-sedimentation profile of RALY with polysomes. MCF7 cells were lysed in the presence of cycloheximide and the cell extracts were fractionated on linear sucrose density gradients (37) .
RALY co-sedimented with the 60S, 80S and polysome fractions in accordance with proteins associated with the translational machinery, namely the poly A-binding protein (PABP), the ribosomal protein L26 (RPL26) but not with hnRNP-A1, a nuclear hnRNP involved in the splicing of specific mRNAs (38, 39) (Figure 2A ).
To determine if the association of RALY with polyribosomes was RNA-dependent, cell lysates were incubated with RNaseI before sucrose fractionation ( Figure 2B ). The treatment with RNaseI degrades single-stranded RNA preserving ribosome-protected fragments and inducing the disassembly of polysomes into single ribosomes (80S). Under these conditions, the co-sedimentation profile of RALY partially shifted to lighter fractions along the sucrose gradient, similarly to PABP ( Figure 2B ). The vast majority of RALY remained associated to 80S and polysomes, suggesting that its recruitment to the translational machinery may occur through both RNA and protein-protein interactions.
To further investigate the association of RALY with the polysomal fractions, we treated the cell lysate with EDTA before fractionation. This treatment disrupts the 40S-60S interaction of any ribosome. Indeed, the polysomes and 80S peaks disappeared, while 40S and 60S were maintained ( Figure 2C ). Under these conditions, the co-sedimentation profile of RALY shifted to lighter fractions, similarly to PABP and RPL26 ( Figure 2C ). To test whether RALY was associated to actively translating polysomes, MCF7 cells were treated with the translation inhibitor Puromycin for 3 h. Puromycin is known to block the elongation step of translation causing a premature release of the growing polypeptide. Under these conditions, the sedimentation profile of RALY did not change (see Figure 2A) and RALY remained associated with the so-called Puromycin-insensitive polysomes ( Figure 2D ). The same pattern was observed for PABP, while RPL26 shifted to monosomes-containing fractions ( Figure 2D ). As expected, the sedimentation profile of hnRNP-A1 was not modified by any treatment. Since Puromycin-insensitive polysomes are considered as translationally inactive (40, 41) , it is tempting to speculate that RALY might have a potential role in the translational control of specific transcripts that will be a matter of future investigation.
To assess and quantify the association of RALY on the translation machinery, we took advantage of atomic force microscopy (AFM) imaging of polysomes (31, 33) combined with immunogold labeling in HeLa cells (42) (43) (44) . We analysed the localization of RALY within polysomes utilizing a secondary antibody conjugated to gold nanoparticles of 25 nm diameter. The height of the bead in AFM was 10 nm larger than that of mammalian ribosomes in polysomes observed in air-dried samples (around 14 nm) (31, 33) . This difference in height, allows to easily identifying the beads and distinguishing them from the ribosomes. The sucrose fraction containing the highest amount of RALY by western blotting ( Figure 2E , lower panel) and corresponding to medium molecular weight polysomes ( Figure 2E , star) were incubated with a primary antibody against RALY in combination with a secondary antibody conjugated with gold beads. Using a colored height scale, we identified the beads associated to the anti-RALY antibody ( Figure 2F , white arrow) and the ribosomes in polysomes ( Figure 2F and G). Then, we calculated the percentage of RALYpositive polysomes by counting the number of polysomes per m 2 associated to the gold beads over the total number of polysomes observed per m 2 . We observed that 7 ± 2% of MMW was positively stained versus 3 ± 2% in si-RALY conditions ( Figure 2H ). Taken together, these results suggest that RALY is bound to a sub-population of polysomes and that the protein may be associated with specific, and not all, transcripts engaged with the translational machinery.
Identification of RALY-associated transcripts
We comprehensively identified the RALY-associated transcriptome by sequencing after RNA immunoprecipitation (RIP-seq) of RALY-complexes and assessed possible variations in the global transcriptome of RALY downregulated cells by microarray analysis. Both analyses were performed in MCF7 cells given their high levels of endogenous RALY.
Before performing the RIP-seq, we verified whether RNA could be purified from RALY-RNPs by performing RNA immunoprecipitation. After immunoprecipitation with either anti-RALY antibody or anti-rabbit IgG (Supplementary Figure S2A ), RNA was extracted and run on a denaturing polyacrylamide-urea gel (Supplementary Figure S2B) . We observed that RNA was immunoprecipitated. To confirm the nature of nucleic acids co-immunoprecipitated with RALY, we treated the samples with RNaseA and observed the disappearance of the signal. As expected, no RNA was immunoprecipitated when rabbit IgG was used as a negative control (Supplementary Figure S2B) .
We then transfected MCF7 cells with either a myc-tagged wild-type RALY or a RRM-deficient mutant and extracted the RNA after the immunoprecipitation. We detected the presence of RNA only in the immunoprecipitated wildtype RALY, confirming the ability of RALY to bind RNA through its RRM (Supplementary Figure S2C) (27) . These results demonstrate that endogenous RALY-RNP complexes can be efficiently immunoprecipitated together with the associated RNAs.
By sequencing the RNAs associated with RALY we found that 2929 transcripts were significantly enriched in the immunoprecipitated RALY-RNPs ( Figure 3A and Supplementary Table S1 ). Most of the identified RNAs were protein-coding transcripts (78%), while long intervening noncoding RNAs (lincRNAs) and antisense RNAs were the most represented classes of non-coding RNAs (10% and 6% respectively) ( Figure 3B ). Gene ontology and pathway annotation enrichment analyses revealed that proteins coded by RNAs interacting with RALY were significantly associated with different RNA metabolism related processes such as RNA processing, splicing, translation and RNA transport ( Figure 3C We identified and counted the number of polysomes per m 2 associated to the gold beads over the total number of polysomes observed per m 2 . The total number of polysomes analysed was n = 416 (HeLa, si-control) and n = 324 (HeLa with si-RALY). A significant difference (P = 0.037) between the samples was assessed using two-tailed Student's t-test (*P < 0.05). and apoptosis were also significantly enriched (Supplementary Table S2 ).
It has been reported that in vitro RALY might bind poly-U stretches with as high affinity as hnRNP-C (45). This affinity is also supported by the ENCODE data on RALY examined by RNA Bind-n-Seq (46) . The analysis of these data showed that RALY unequivocally favors poly-U stretches in vitro (Supplementary Figure S3) . Then, we performed motif enrichment analysis on the sequences of RALY interacting RNAs, comparing the occurrences of poly-U elements characterized by varying lengths with respect to non-interacting RNAs. This analysis revealed a significant enrichment of poly-U elements in the 3 UTRs as well as in the target lincRNAs. Enrichment in 5 UTR was significant only for longer poly-U stretches (>13 nt). On the contrary, the coding sequences of mRNAs interacting with RALY were not enriched in poly-U elements, suggesting a preferential binding of RALY to the 3 UTRs ( Figure 3D ).
RALY silencing affects gene expression
We then analyzed the impact of RALY downregulation on global gene expression. MCF7 cells were transfected either with siRNA targeting RALY or mismatch siRNA as negative control and the total RNA was isolated and analyzed using a whole human genome microarray. Compared to siRNA mismatch-treated cells, Western blot analysis confirmed that RALY was efficiently downregulated by 90% after 72 h (see Figure 6A ). In contrast, the levels of hnRNP-C were not affected (Supplementary Figure S1B) .
Out of 217 differentially expressed genes after RALY silencing (Supplementary Table S3 ), 133 were upregulated and 84 were downregulated ( Figure 4A ). As for the RIPseq results, the majority of the identified RNAs was proteincoding genes, 8% was lincRNAs, 2% antisense RNAs and 8% other non-coding RNAs ( Figure 4B ). Gene Ontology enrichment analysis identified extracellular matrix organization, cell adhesion and cell motility as biological processes significantly associated with upregulated genes, while cell growth and intracellular signal transduction were significantly associated with downregulated genes ( Figure 4C and Supplementary Table S4) .
By intersecting the list of RNAs identified by RIP-seq with the list of differentially expressed genes upon RALY silencing, we obtained a set of 23 RNAs present in both lists ( Figure 4D ). Among these RNAs, we focused on the following transcripts: annexin A1 (ANXA1), the chemokine C-X-C motif receptor 4 (CXCR4), Cystatin-M (CST6), the transmembrane and coiled-coil domains 1 (TMCO1), and histone H1X (H1FX) (Figure 4D, arrows) .
Validation of RALY-regulated transcripts
We validated the enrichment of the identified transcripts as components of RALY-RNPs by qRT-PCR after RALY immunoprecipitation. As expected, all the above-mentioned transcripts were significantly enriched in RALY immunoprecipitates compared to rabbit IgG. Since it was not identified by RIP-seq, we also analyzed GAPDH mRNA as negative control ( Figure 5A ). In particular, we observed that H1FX, CST6 and TMCO1 mRNAs were highly represented in RALY-RNP. Interestingly, RALY mRNA was also found in the immunoprecipitated complexes suggesting the potential interaction of RALY protein with its own mRNA ( Figure 5A ). The same mRNAs were enriched when the RIPs were performed after UV cross-linking ( Figure  5B) .
We confirmed the specificity of these results by performing UV cross-linked RIP from MCF7 cells expressing myctagged RALY (Supplementary Figure S2D) . In contrast to wild-type RALY, none of the analyzed mRNAs was enriched with RALY lacking the RRM domain (Supplementary Figure S2D) .
Then, we validated the potential misregulation of the above mRNAs in the absence of RALY by qRT-PCR. The results confirmed the upregulation of ANXA1, CST6 and TMCO1 and the downregulation of CXCR4 and H1FX in RALY deficient cells ( Figure 5C ). Taken together, these results identified a specific set of mRNAs able to interact with RALY-RNPs and whose cellular levels are regulated by the expression of RALY protein.
RALY modulates the expression of ANXA1 and H1FX
Among the six validated mRNAs, we decided to investigate how RALY affected the amount of ANXA1 and H1FX mRNAs. Annexin A1 (ANXA1) is a 37 kDa calcium and phospholipid-binding protein that is involved in different biological processes, such as regulation of cell proliferation, cell death signaling, and apoptosis (47, 48) . The histone H1X (H1X) is a member of the ubiquitously expressed H1 histone family, composed of 11 subtypes of linker histones which bind the linker DNA between the nucleosome cores, and stabilizes compact, higher order structures of chromatin (49) (50) (51) .
Since the levels of ANXA1 and H1FX mRNAs were regulated by RALY expression, we checked the protein level of ANXA1 and H1X in MCF7 and Panc-1 cells transfected with either control siRNA or siRNA against RALY (Figure 6A and B) . In both cell lines, we observed a significant increase of ANXA1 when RALY was downregulated compared to control siRNA-transfected cells. In contrast, a significant decrease of H1X was observed. No change was detected for tubulin that was used as a negative control ( Figure  6A and B) .
To assess if RALY downregulation could change the nuclear versus cytoplasmic localization of H1X and ANXA1 proteins, we performed cell fractionation. No changes in the subcellular distribution was observed suggesting that the downregulation of RALY did not affect the localization of the H1X and ANXA1 proteins (Supplementary Figure  S4A) .
A further proof that RALY contributed to regulate ANXA1 and H1X levels came from experiments in which RALY was knocked out using CRISPR/Cas9 technology. Consistently with previous results, ANXA1 and H1X were altered at both transcriptional and protein levels (Supplementary Figure S4B and S4C and data not shown). In addition, when we overexpressed RALY in both HEK293T and HPNE cells, we observed an upregulation of H1X and a downregulation of ANXA1 proteins ( Supplementary Figure S4D) . Based on these results we speculated that cells expressing a different amount of endogenous RALY might show variations in both ANXA1 and H1X expression. Thus, we verified this hypothesis by checking the expression of ANXA1 and H1X in HPNE and Panc-1 pancreatic cell lines as well as in MCF10A and MCF7 breast cell lines (Figure 6C and  D) . We observed that the expression of ANXA1 protein was lower in Panc-1 compared to HPNE, while H1X protein level was higher. The same results were found when comparing MCF7 with MCF10A cells, confirming that the effects on ANXA1 and H1X expression levels associated with the expression of the endogenous RALY.
RALY binds the poly-U elements of ANXA1 and H1FX 3 UTRs
Our RIP-seq analysis showed that RALY could potentially recognize poly-U-rich stretches within the 3 UTRs (Figure 3D) . We checked for poly-U-rich elements within the 3 UTR of ANXA1, H1FX and RALY itself. We identified one poly-U-rich element in the 3 UTR of RALY, seven in H1FX and four in ANXA1 (Supplementary Figure S5A) .
To confirm that RALY binds ANXA1 and H1FX mRNAs in correspondence to poly-U we used a pull-down assay. We incubated biotinylated synthetic probes containing either wild-type or mutant poly-U-rich elements with Figure 5 . Validation of the identified RALY-associated mRNAs (A) qRT-PCR was used to compare the indicated mRNAs isolated upon RALY immunoprecipitation with RNA recovered after immunoprecipitation with IgG. All the relative abundances were compared to 10% of input. The experiments were performed at least three times. Bars represent means ± S.E.M. P-value was calculated comparing the amount of each sample with the amount of GAPDH using an unpaired two tailed t-test (*P < 0.05; **P < 0.01; ***P < 0.001). (B) qRT-PCR was used to compare the indicated mRNAs isolated upon UV-crosslinked RALY immunoprecipitation with RNA recovered after immunoprecipitation with IgG. The experiments were performed at least three times. Bars represent means ± S.E.M. P-value was calculated comparing the amount of each sample with the amount of GAPDH using an unpaired two tailed t-test (*P < 0.05; **P < 0.01; ***P < 0.001). (C) qRT-PCR was performed to assess the levels of the indicated transcripts after silencing of RALY in MCF7 cells. Results are presented in terms of change after normalizing to GAPDH mRNA. Each value represents the mean of at least three independent experiments ± S.E.M. P-value was calculated using an unpaired two-tailed t-test (*P < 0.05; **P < 0.01; ***P < 0.001).
MCF7 cell lysate, and assessed RALY association by Western blot ( Figure 7A ). As expected, we detected high signals for wild-type probes of H1FX and ANXA1 indicating a robust interaction. In contrast, a reduced association was observed with both mutated probes ( Figure 7B and C) . Similar results were obtained for CXCR4, another RALY mRNA target that contains 12 stretches of poly-U within the 3 UTR (Supplementary Figure S5A and S5B) .
Three different biotinylated probes designed within the 3 UTR were tested by RNA-pulldown assay, finding the strongest signal associated with the probe containing 8 poly-U stretches. In addition, the specificity of RALY interaction with wild-type H1FX and ANXA1 probes was confirmed by a competition assay with increasing amount of either wild-type or mutated non-biotinylated probes with wild-type biotinylated probes ( Figure 7D ). Taken together, Figure 6 . RALY regulates ANXA1 and H1X protein levels. (A) Protein expression of RALY, ANXA1 and H1X in MCF7 and Panc-1 cell lines transfected with siRNA against RALY (si-RALY) and siRNA mismatch (si-CTRL). The endogenous levels of the indicated proteins were analysed by Western blotting using specific antibodies. In both cells lines, the downregulation of RALY caused a significant upregulation of ANXA1 protein and a reduction of H1X compared to controls. (B) The levels of ANXA1 and H1X were quantified by band densitometry analysis. The barplot shows the mean values of three independent experiments after normalization to Tubulin. Bars represent mean ± S.E.M. P-value was calculated using unpaired two-tailed t-test. *P < 0.05; **P < 0.01; ***P < 0.001 (C) Comparison of the expression of the endogenous RALY, ANXA1 and H1X proteins. Western blot analysis showed that in cancer cell lines (MCF7 and Panc-1) higher expression level of RALY is associated to a higher H1X and lower ANXA1 levels compared to nontumorigenic cell lines (MCF10A and HPNE, respectively). The optical densitometry analysis (O.D.) normalized to tubulin is reported for each panel. (D) The graphs show the mean values of three independent experiments after normalization to Tubulin. Bars represent mean ± S.E.M. P-value was calculated using unpaired two-tailed t-test (*P < 0.05; **P < 0.01; ***P < 0.001).
these data confirmed that RALY binds to the poly-U elements of ANXA1 and H1FX mRNAs.
RALY downregulation affects cell cycle progression
It has been reported that the upregulation of ANXA1 suppresses cell proliferation, invasion and migration (52) (53) (54) . These evidences, together with the observation that Panc-1 cells lacking RALY halt the proliferation six days after transfection, prompted us to check whether RALY downregulation affected cell proliferation. We silenced RALY in Panc-1 cells and performed cell cycle analyses measuring cellular DNA content by staining with propidium. FACS analysis revealed that a statistically significant population of Panc-1 cells stopped at the G1 phase of their cell cycle ( Figure 8A and B) . These results were consistent with a reduced proportion of cells in S and G2-M phases (5.6% and 2.5% of cells, respectively). In summary, the silencing of RALY contributes to the alteration of cell progression with a partial arrest of cells in G0-G1 phase.
DISCUSSION
This study provides a characterization of RALY, a protein that belongs to the class of the RNA-binding proteins hnRNPs (55) (56) (57) (58) (59) . RALY, previously known as hnRNP-C likeprotein 2, shares common features with the majority of the hnRNPs: it contains a single RRM at the N-terminal region sharing 43% homology with hnRNP C, a glycine-rich region at the C-terminus and two uncharacterized NLS that have been predicted by computational analysis (27) .
Although the hnRNPs are the most abundant nuclear proteins, some of them may form RNPs complexes shuttling from the nucleus into the cytoplasm. Here, they can be transported to distinct intracellular compartments together with their mRNA cargo (59) . RALY was identified as a common component of Staufen2 and Barentsz transport The graphs show the mean values of three independent experiments. Bars represent mean ± S.E.M. P-value was calculated by unpaired two-tailed t-test (*P < 0.05; **P < 0.01; ***P < 0.001). (C) RNA pull-down competition assay was performed to assess the RNA-binding specificity of RALY. 30 pmol of either H1FX or ANXA1 wild-type probes were incubated with increasing amounts (10× and 40×, respectively) of non-biotinylated wild-type or 40× mutant probes and successively mixed with 30 g of MCF7 cells extract. Western blot shows the amount of RALY bound to the probes in the different competitive conditions and quantified by band densitometry analysis. Immunoblotting with anti-Actinin and anti-Tubulin served as a negative control.
RNPs (60) . These proteins are two RBPs well characterized in the context of RNA transport, translational control and non-sense mediated decay in nerve cells and many other cell types (61) (62) (63) (64) (65) (66) (67) .
Using biochemical gradient fractionation, we demonstrated that RALY localizes in the cytoplasmic compartment where it is able to co-sediment with ribosomes and polysomes ( Figure 2 ). To test whether RALY was associated to either actively translating or stalled polyribosomes, we studied the changes of RALY co-sedimentation profile along the polysomal fractions upon treatment of MCF7 cells with the translation inhibitor Puromycin. Since this inhibitor is known to interfere with the elongation step of translation, all polysomes that remain insensitive to the treatment are stalled (40) . Therefore, the co-sedimentation profile of the protein after Puromycin treatment is an indication of an activating or repressive function in translation (37, 41, 68) . Under our conditions, Puromycin mildly disrupted RALY-polyribosomes associated complexes (Figure 2D) , suggesting that RALY might have a potential role in the translational control of specific transcripts as FMRP does (41) .
These findings confirm our previous study reporting the interactions of RALY with ribosomal proteins and with proteins involved in translation control (27) . Since RALY is detected in distal processes of polarized cells such as oligodendrocytes and neurons, it would be interesting to investigate if RALY is involved in the transport and/or translational control of specific mRNAs in these compartments.
The unknown identities of RALY associated RNAs prompted us to identify the RALY-RNA interactome and to study its RNA-binding properties in mammalian cells taking advantage of two high-throughput approaches, the RIP-seq and microarray analyses (Figures 3 and 4) . RIPseq experiments identified 2929 RNA targets and the major class comprised protein-coding RNAs. Microarray experiments detected 217 RNAs whose expression is altered upon RALY silencing.
Among the jointly identified transcripts, we focused on ANXA1 and HF1X. Annexin A1 (ANXA1) is a well-studied calcium and phospholipid-binding protein that is involved in different biological processes: regulation of cell proliferation, cell death signalling and apoptosis (45, 47) . Although ANXA1 has been implicated in the biology of various tumors, the molecular mechanisms by which ANXA1 participates to carcinogenesis and tumor progression remains unclear and rather controversial (69) .
The histone H1X is a member of the H1 histone family that binds the linker DNA between two nucleosomes contributing to stabilize the chromatin fibers (70, 71) . Despite previous convincement, it has become clear that linker histones are not merely static and structural components of chromatin but rather dynamic elements with important regulatory proprieties (72) (73) (74) . For example, H1X shows a role in embryonic differentiation processes by regulating the expression of Nanog, a gene marker of stemness that is significantly suppressed in differentiated cells (75) . Recent findings demonstrate an emerging role of H1X in cancer development and it has been proposed as a prognostic biomarker (76) . Although some drugs have been used to modify the expression of H1X, the intracellular mechanisms involved in its regulation are still poorly characterized (75) .
By computational analysis and biochemical RNA-pull down experiments, we discovered that RALY preferentially associated with the 3 UTR of poly-U containing RNAs (Figures 3 and 7) . We showed that RALY binds the poly-U stretches within the 3 UTRs of these genes, and its downregulation could regulate both ANXA1 and H1X at mRNA as well as at protein levels ( Figures 5-7) . In addition, our data show that ANXA1 and H1X expression is correlated with the intracellular levels of RALY ( Figure 6 and Supplementary Figure S4 ).
According to these findings, another member of the hn-RNP family, the hnRNP-C, was originally identified as a poly-U binding protein (77) . More recently, Ray and colleagues identified several RNA motifs, including poly-U stretches, which can be recognized by different RNAbinding proteins (44) . Poly-U motifs are common sequences also within Alu elements, the most abundant class of transposable elements in primates (78) . Interestingly, the presence of Alu elements can influence splicing. Splicing factors such as U2AF65 and TIA1 can recognize the poly-U tracts within Alu elements and create cryptic or alternative Alu exons (78) . The binding of hnRNP-C to these elements can compete with the molecular components of splicing machinery preventing the formation of aberrant splicing events (79, 80) .
Our data show that RALY silencing alters H1FX and ANXA1 expression levels, but not their translational efficiency (data not shown). In addition, we blocked de novo transcription with Actinomycin D and analysed if RALY could affect ANXA1 and H1FX RNA-stability, in MCF7 cells, by comparing the half-lives of both transcripts. Surprisingly, we found no significant differences in the stability in the absence of RALY compared to control (data not shown). Hence, we hypothesize that RALY exerts a transcriptional control of these targets. Since the 3 UTRs act as a scaffold where many proteins and microRNAs form complexes for post-transcriptional and/or translational regulation (81,82), RALY might compete or cooperate with one or more of these factors in regulating the level of these specific transcripts. RNA binding proteins can be recruited to promoter regions during transcription and they can interact with RNA polymerase II as well as with transcription factors and then bind to the nascent RNA (83) . The lack of RNA-binding proteins, showing also DNA binding properties, can affect RNA metabolism at different levels (84, 85) .
Non-coding RNAs can modulate the activities of classes of RNA binding proteins in response to specific signals (86) . While this manuscript was in preparation, a work reported that RALY can act as a transcriptional cofactor for genes involved in cholesterol biosynthesis (87) . In particular, RALY was found associated with gene promoters and the long non-coding RNA LeXis inhibited this promoterbinding activity. Although LeXis was not in our list, our RIP-seq revealed that more than 20% of transcripts in RALY immunoprecipitates comprised lincRNA, antisense and ncRNAs (Figure 3) . Interestingly, their sequences are also enriched in stretches of poly-U. Taken together, we hypothesize that RALY exerts a dual control, one at the transcriptional level that is mediated by ncRNAs and one posttranscriptionally mediated by its binding to the poly-U within the 3 UTRs of coding RNAs.
The involvement of hnRNPs in pathologies is also well documented (88) (89) (90) . For example, several hnRNPs have been implicated in cancer development and aberrant expression of hnRNPs is characteristic of various types of cancer (3, 91) . RALY is upregulated in metastatic nasopharyngeal carcinoma cell lines compared to normal cells (92) . Moreover, cells with upregulated levels of RALY and NONO become more resistant to the effects of the drug oxaliplatin (19) . In contrast, the depletion of RALY expression by RNAi sensitized colorectal cancer cell lines treated with the oxaliplatin without affecting the cell growth rate (19) .
We observed that RALY is expressed more in tumor cell lines such as MCF7 and PK9, MiaPaca2 and Panc-1 compared to non-tumorigenic cell lines such as MCF10A and HPNE ( Figure 1A and B) . Studying the role of hnRNPs in cell cycle regulation and cell differentiation has recently opened a new exciting area of investigation (93) . Our data together with data present in public data bank (e.g. The Human Protein Atlas) suggest a possible functional link between RALY expression and cell proliferation. The knockdown of RALY in Panc-1 cells causes a moderate but significant arrest of the cell cycle with a discrete number of cells blocked in G0/G1 phase (Figure 8 ). This finding might be the result of the altered expression of ANXA1 and/or H1X but we cannot exclude that it might be due to alteration of other RALY RNA targets involved in controlling cell cycle progression. For example, FBXL12 transcript was identified as one RNA bound by RALY in our RIP-seq and it was found to be upregulated upon RALY downregulation ( Figure 4D ). In lung epithelia, FBXL12 protein induces G1 cell cycle arrest by promoting the proteasomal degradation of CAMK1 that triggers the disruption of the cyclin D1/CDK4 complex (94) . An overexpression of FBXL12 due to RALY downregulation might result in an inhibition of cell cycle progression.
Taken together, we suggest a role of RALY as a possible oncogene during tumorigenesis. Further work will now be undertaken to define the precise mechanism of action.
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